Introduction
============

Liposarcomas are a heterogeneous group of mesenchymal tumors that show variable phenotypic features, aberrant genomes, and different prognoses. It is the most common sarcoma subtype in adults and may arise in any anatomical site.[@b1-bic-6-2014-001] It is believed that liposarcoma originates in early mesenchymal cell lineages rather than mature adipocytes; hence, most liposarcomas arise de novo and virtually never develop from a pre-existing benign lipoma.[@b2-bic-6-2014-001] Liposarcoma tends to occur in deep-seated sites, such as the retroperitoneum, rather than within subcutaneous fat. Histologic appearance and cytogenetic analysis are indispensable for the classification of liposarcomas into three genetic subgroups that include five histological subtypes: (1) well-differentiated liposarcoma (WDLS)/dedifferentiated liposarcoma (DDLS), (2) myxoid/round cell liposarcoma, and (3) pleomorphic liposarcoma (PLS).[@b3-bic-6-2014-001]--[@b5-bic-6-2014-001] Each histological subtype varies in the degree of adipocytic differentiation, which in turn affects its course and prognosis.[@b6-bic-6-2014-001]

WDLS, also called atypical lipomatous tumor, is the most common subtype, comprising 40--45% of liposarcomas.[@b7-bic-6-2014-001] A portion of WDLS will undergo dedifferentiation with variable histologic grades and recurrence potential, both local and distant.[@b8-bic-6-2014-001] Though morphologically distinct, WDLS and DDLS are characterized by the presence of supernumerary ring chromosomes, amplification of the 12q13--15 chromosomal region that includes both MDM2 and CDK4,[@b8-bic-6-2014-001] and additional complex chromosome rearrangements. Myxoid/round cell liposarcoma is the second most common subtype of liposarcoma and is characterized by a t(12;16)(q13;p11) chromosomal translocation, resulting in either the FUSDDIT3 or the EWSR1(22q12)-DDIT3 fusion gene.[@b9-bic-6-2014-001],[@b10-bic-6-2014-001] The pleomorphic subtype of liposarcoma, in contrast to other histological subtypes, does not possess currently discernible characteristic genetic lesions but instead harbors a variety of complex chromosomal rearrangements.[@b11-bic-6-2014-001] Hence, liposarcoma can be subdivided into two major categories based on the karyotype complexity. The first category includes myxoid/round cell liposarcoma that is characterized by a chromosomal rearrangement with an otherwise approximately diploid and stable karyotype. WDLS/DDLS is intermediate in karyotype complexity in that early changes include focal 12q13--15 amplification with few other changes and only later in tumor progression does more dramatic genomic complexity arise in a subset of cases. Thus, the changes are generally more complex than those seen in myxoid liposarcoma, but usually less prominent than that of PLS. Nonetheless, WDLS/DDLS can be grouped into the complex karyotype group based on the multiple structural changes present. In general, DDLS is more likely to develop prominent genomic complexity than is WDLS. PLS, in contrast, develops a complex karyotype early in tumorigenesis with multiple genetic rearrangements and copy number changes.

Human cysteine dioxygenase 1 (CDO1) is the product of the CDO1 gene located on chromosome 5q22--23, and is highly conserved among mammals.[@b12-bic-6-2014-001] CDO1 is an important enzyme for the regulation of cellular cysteine levels and the biosynthesis of the antioxidant taurine. In the liver, CDO1 catalyzes the initial step in taurine synthesis by oxidizing L-cysteine to cysteinesulfinate, which is further metabolized into either taurine and CO~2~ or pyruvate and sulfate.[@b13-bic-6-2014-001],[@b14-bic-6-2014-001] Taurine is an essential constituent of bile and plays a vital role in the function of a variety of tissues.[@b15-bic-6-2014-001] Studies in mice and rats have shown abundant CDO1 in adipose tissue, liver, brain, and kidney.[@b16-bic-6-2014-001]--[@b18-bic-6-2014-001] Accumulation of cysteine because of low CDO1 activity is associated with cytotoxicity and neurotoxicity.[@b19-bic-6-2014-001]--[@b22-bic-6-2014-001]

Altered CDO1 levels have been observed in several cancers. Booken et al[@b23-bic-6-2014-001] found that CDO1 is upregulated in Sezary syndrome, a highly malignant form of cutaneous T-cell lymphoma. In contrast, most studies reported decreased CDO1 expression in cancer. Hypermethylation within the CDO1 promoter with concomitant decreased expression has been observed in colon and breast cancer, and is also a predictor of poor prognosis in breast cancer.[@b24-bic-6-2014-001],[@b25-bic-6-2014-001] Promoter hypermethylation and expression of CDO1 has not been investigated to date in sarcomas. Recently, an epigenetic reactivation screen carried out in our laboratory using cell lines derived from PLSs identified CDO1 as a potential target of epigenetic regulation.

In the current study, analysis of pre-existing microarray data confirmed variable expression of the CDO1 gene in patients with complex karyotype liposarcomas. The findings were validated in a larger cohort of liposarcomas by quantitative RT-PCR and immunohistochemistry (IHC). The CDO1 expression level was analyzed relative to the histological subtype, location, and whether the tumor was primary or recurrent. Finally, promoter methylation and CDO1 expression were studied in a cohort of liposarcoma specimens and during differentiation of human mesenchymal stem cells (hMSCs) into mature adipocytes. Our results suggest that CDO1 is a marker of liposarcoma progression and adipogenic differentiation.

Methods
=======

Patients and tissue samples
---------------------------

A total of 64 de-identified complex karyotype liposarcoma specimens were obtained from the MD Anderson Cancer Institute, Fox Chase Cancer Center, and the Cooperative Human Tissue Network (CHTN) under Institutional Review Board-approved protocols for banking of excess tissue from patients undergoing surgical resections or biopsy following informed consent. In all, 32 cases were WDLS, 20 cases were DDLS, and 12 cases were PLS. All tissue specimens were kept frozen at −80°C before RNA extraction or paraffin embedding. The pathology report for each case was examined for age, sex, tumor location (retroperitoneum, extremity), and presentation (primary, recurrent).

A WDLS/DDLS tissue microarray (TMA) was built consisting of a total of 572 paired WDLS/DDLS cores from 394 surgeries on 256 patients. Of the cores on the TMA, 157 are DDLS and 415 are WDLS. This TMA was constructed as previously described for PLS and myxoid/round cell liposarcoma arrays (PMID 21598240; PMID 22020193).

Cell lines and culture conditions
---------------------------------

Three cell lines that represent different stages of adipogenesis were used: adipose-derived stem cells (ADSCs), human preadipocytes (HPAd), and human adipocytes (HAd). StemPro human ADSCs (Life Technologies) have the same phenotypic and functional characteristics as bone marrow-derived mesenchymal stem cells. ADSCs were maintained in MesenPRO RS basal medium plus Growth Supplement. HPAd were cultured in preadipocyte growth medium, whereas HAd were maintained in adipocyte differentiation medium according to the manufacturer's instructions (Cell Application, Inc.).

Adipogenic differentiation was induced in Poietics bone marrow-derived hMSCs (Lonza) according to the manufacturer's instructions. The PLS-derived cell line LS2[@b26-bic-6-2014-001] was maintained in RPMI plus GlutaMAX (Life Technologies), 1× MEM Essential Vitamin Mix (BioWhittaker), 1× ITES (BioWhittaker), 1× penicillin/streptomycin/L-glutamine (Life Technologies), 1 mM sodium pyruvate (CellGro), 1× nonessential amino acids (NEAA) (Lonza), and 20% fetal bovine serum (Life Technologies).

Measurement of triglyceride (TG) content
----------------------------------------

Following each cycle of induction, hMSCs that had been seeded in duplicate in a 24-well plate and cultured until confluence were rinsed with 1× phosphate buffered saline (PBS) and then incubated with 30 μL of AdipoRed (Lonza) in 1 mL of 1× PBS for 10 minutes. TG content was determined by AdipoRed fluorescence at 538 nm. Baseline/background was established by measuring fluorescence in the LS2 cell line, which was subtracted from the induced cells' signal for each week.

Immunofluorescence of CDO1
--------------------------

Following each cycle of induction, hMSCs grown in duplicate in four-well chamber slides were stained for CDO1. Cells were washed with 1× PBS and fixed with freshly prepared 3.7% formaldehyde/1× PBS for 10 minutes before permeabilization with 10% NP40/1× PBS for 10 minutes. Following blocking of epitopes with PBG (0.2% w/v cold water fish gelatin (Sigma)/0.5% w/v bovine serum albumin (BSA) (Sigma)/1× PBS), cells were incubated with a 1:500 dilution of anti-CDO1 antibody (Sigma-Aldrich) overnight at 4°C. CDO1 was detected using a DyLight 549 conjugated donkey anti-rabbit secondary antibody at a 1:500 dilution (Jackson ImmunoResearch). Nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI; Sigma). Specimens were mounted with ProLong Gold antifade reagent (Life Technologies) and examined using a Nikon A1 scanning confocal microscope.

Quantitation of CDO1 mRNA expression
------------------------------------

Total RNA from tumor specimens and cell lines was extracted using QIAzol (Qiagen) and TRIzol (Life Technologies), respectively. RNA was purified using the RNeasy kit (Qiagen) and quantified on a NanoDrop ND-1000 spectrophotometer. Expression was measured by at least one of two methods: quantitative real time-PCR (qRT-PCR) or gene expression array. For qRT-PCR, cDNA was made from 100 ng RNA using the High Capacity cDNA Reverse Transcriptase kit according to the manufacturer's instructions (Life Technologies). CDO1 mRNA expression was quantified by qRT-PCR using TaqMan assay Hs00156447_m1. 18S rRNA (kit 4308329, Life Technologies) was used as the endogenous control. Expression levels relative to HAd were determined using the ΔΔ*C~t~* method.

Histology and IHC
-----------------

Tissue sections (5 μm) were cut from formalin fixed paraffin embedded (FFPE) blocks. A section for each specimen was stained with hematoxylin and eosin (H&E) to confirm the histological features. Unless stated otherwise, all incubations were done at room temperature. Sections were deparaffinized in xylene and hydrated in decreasing concentrations of ethanol. The tissue sections were then subjected to epitope retrieval by steaming in 10 mM sodium citrate buffer, pH 6.0. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide in methanol. Blocking of non-specific sites was achieved by incubation with 5% bovine serum albumin for one hour. Specimens were then incubated overnight at 4°C with a 1:200 dilution of anti-CDO1 antibody (Sigma-Aldrich). The sections were incubated for one hour with a 1:1,000 dilution of biotinylated anti-rabbit IgG (Jackson ImmunoResearch) followed by a 30-minute incubation with a 1:1,000 dilution of HRP-conjugated streptavidin (Jackson ImmunoResearch). Immunocomplexes were visualized with 3,3-diaminobenzidine tetrahydrochloride (Covance, England). Incubations omitting the primary antibody were used as negative controls for each sample.

Quantitation of CDO1 IHC
------------------------

Images from three to five fields of each CDO1 antibody-stained tumor specimen and of its matched control (no CDO1 antibody) were acquired using Nikon Eclipse E400 together with NIS Elements software. To minimize variation, identical exposure conditions were applied to each specimen and its corresponding control. The CDO1 signal intensity was calculated by NIS Elements for each field of a given tumor sample. The CDO1 expression level was calculated by subtracting the average intensity of all fields of the control slide from the average intensity of all fields of the CDO1-stained slide.

DNA extraction and analysis of promoter hypermethylation
--------------------------------------------------------

Genomic DNA was extracted from tumors and from hMSCs before and after each adipogenic induction cycle using the DNeasy Blood and Tissue Kit (Qiagen) following the manufacturer's protocol. The optional RNase A treatment was performed. The concentration and purity of DNA was determined by Nanodrop spectrophotometer. A total of 1 μg of genomic DNA was bisulfite-converted and purified using the EZ Methylation-Direct Kit (Zymo Research). In all, 9 ng of converted DNA was used as the template in a 25 μL methylation-specific quantitative PCR reaction.[@b27-bic-6-2014-001] Briefly, the reaction contained 1×TaqMan^®^ Universal Master Mix (Life Technologies), 0.2 μM fluorescent probe, and 1.2 pmol each primer (sequences in [Supplementary Table 1](#s1-bic-6-2014-001){ref-type="supplementary-material"} from Ref. [@b24-bic-6-2014-001]). The thermal cycling protocol was as follows: 95°C (10 minutes) followed by 50 cycles of 95°C (15 seconds), 60°C (1 minute), and 72°C (15 seconds). Amplification of the unmethylated β-actin promoter was used as the reference gene (sequences in [Supplementary Table 1](#s1-bic-6-2014-001){ref-type="supplementary-material"}). In vitro methylated DNA (Zymo Research) was used as a positive control for the reaction, whereas unmethylated DNA was used as a negative control. A standard curve using 10-fold serial dilutions of methylated or unmethylated template was generated to determine the efficiencies of the CDO1 and β-actin primer/probe efficiencies, respectively. Mixtures of methylated and unmethylated DNA (100% methylated, 50:50 methylated:unmethylated, and 100% unmethylated) were used to control PCR bias between methylated and unmethylated templates. A *C~t~* of less than 35 was considered positive methylation.

Statistical analysis
--------------------

Box plot figures were produced using an online tool ([www.physics.csbsju.edu](www.physics.csbsju.edu)). The expression differences between two categories were assessed for significance using the two-sided Mann-Whitney *U* test, available at [www.elegans.som.vcu.edu](www.elegans.som.vcu.edu). Differences were considered statistically significant at *P* \< 0.05.

Results
=======

Patients and tumor characteristics
----------------------------------

A total of 64 de-identified liposarcoma specimens were used to determine expression levels of CDO1 transcript ([Table 1](#t1-bic-6-2014-001){ref-type="table"}). Of these, 32 liposarcomas were WDLS, with an equal frequency of males and females. WDLS were resected from the retroperitoneal space and from the extremities (thigh, buttock, axilla, and upper limbs) with equal frequency. In all, 21 cases of WDLS presented as primary tumors whereas 11 cases were recurrent WDLS. Our cohort of patients contained 20 cases of DDLS, of which 11 cases were female and 9 cases were male. All of the DDLS were resected from the retroperitoneal space, 8 were primary whereas the remaining 12 cases were recurrent. The study included 12 cases of PLS, of which 9 cases were male and 3 cases were female. Resections from the extremities accounted for 9 cases of the 12 PLS tumors, while the remaining 3 tumors were resected from the retroperitoneal space. There were 10 primary PLS and 2 recurrent PLS. The median age at diagnosis was 66, 71, and 69 years for WDLS, DDLS, and PLS, respectively. Thus, this cohort is representative of liposarcomas in general. The WDLS and DDLPS represented on the TMA were primarily from deep retroperitoneal locations.

CDO1 gene expression is higher in WDLS than in DDLS
---------------------------------------------------

CDO1 gene expression was examined in 30 liposarcoma specimens (12 cases of WDLS, 10 cases of DDLS, and 8 cases of PLS) and 3 cell lines from the adipogenic lineage using pre-existing gene expression microarray data.[@b26-bic-6-2014-001] In WDLS, high CDO1 mRNA levels were observed (median = 1,757, range = 239--2847, [Fig. 1A](#f1-bic-6-2014-001){ref-type="fig"}). The distribution of CDO1 gene expression in WDLS was asymmetrical and appeared biphasic ([Supplementary Fig. 1A](#s1-bic-6-2014-001){ref-type="supplementary-material"}). CDO1 mRNA levels were lower in the DDLS specimens (median = 186, range = 21--897). The majority of PLS (7/8 tumors analyzed) were in the same range as DDLS, with one tumor exhibiting very high CDO1 gene expression (median = 495, range = 15--2677). CDO1 gene expression was significantly higher in WDLS than in either DDLS (*P* \< 0.001) or PLS (*P* \< 0.05). There was no statistical difference in the gene expression of CDO1 between the DDLS and PLS subtypes. Interestingly, microarray data also showed increased CDO1 mRNA in adipocytes compared to less differentiated cells in the adipogenic lineage ([supplementary Fig. 1B](#s1-bic-6-2014-001){ref-type="supplementary-material"}).

The number of samples assessed by gene expression arrays was limited. Therefore, we expanded our sample size to validate the expression differences observed in the first cohort. First, we determined the correlation between data obtained by gene expression microarray and qRT-PCR ([Fig. 1B](#f1-bic-6-2014-001){ref-type="fig"}). CDO1 mRNA was quantified by qRT-PCR in 12 liposarcoma samples and 3 normal cell lines (ADSCs, HPAd, and HAd) that had been previously used in the microarray analysis. The results from qRT-PCR were plotted against the data obtained from the microarray. A high correlation between the two methods (*R* = 0.97, *P* \< 0.001) was observed, and for this reason the qRT-PCR and gene expression array data were combined into a single data set for subsequent analysis.

CDO1 expression was measured by qRT-PCR for 50 specimens. Of these, 12 specimens had also been analyzed by microarray. An additional 14 specimens that had been analyzed by microarray lacked sufficient material for analysis by qRT-PCR; for these specimens, the correlation between microarray and qRT-PCR expression levels was used to estimate an equivalent qRT-PCR value. CDO1 gene expression in this combined data set of 64 specimens was similar to that observed in the smaller gene expression array data set ([Fig. 1C](#f1-bic-6-2014-001){ref-type="fig"}). WDLS specimens had significantly higher CDO1 gene expression (*n* = 32, median = 0.29, range = 0.03--1.23) when compared to DDLS tumors (*n* = 20, median = 0.06, range = 0.01--0.60) (*P* \< 0.001). In this larger sample set of WDLS, the biphasic distribution of CDO1 gene expression observed in the microarray data is lost ([Supplementary Fig. 1C](#s1-bic-6-2014-001){ref-type="supplementary-material"}). In contrast, in the larger cohort of PLS (*n* = 12) analyzed by qRT-PCR, a pronounced biphasic distribution was observed ([Supplementary Fig. 1C](#s1-bic-6-2014-001){ref-type="supplementary-material"}), with some tumors having very low CDO1 mRNA levels (*n* = 6, median = 0.02, range = 0.01--0.03) whereas others showing moderate to robust CDO1 mRNA levels (*n* = 6, median = 0.51, range = 0.30--0.97). Not surprisingly, given the variation in CDO1 gene expression among PLS samples (*n* = 12, median = 0.17, range = 0.01--0.97), there was no significant difference in CDO1 mRNA level between PLS and either WDLS or DDLS when assessed by qRT-PCR. This is likely a result of the large sample size in this cohort.

CDO1 expression is not affected by other clinicopathological features of liposarcoma
------------------------------------------------------------------------------------

Liposarcoma recurrence is influenced by many factors such as the histologic subtype and the primary site of tumor. For example, liposarcoma in the retroperitoneum may have an increased risk of recurrence associated with a lack of a wide excision margin.[@b28-bic-6-2014-001] We therefore analyzed whether tumor location was related to the differences observed in CDO1 gene expression. Because the DDLSs in our cohort were only located in the retroperitoneum, they were excluded from this analysis. Similarly, the number of PLS from the retroperitoneum (*n* = 3) was too small to be compared to the PLS from the extremities (*n* = 9). We observed no significant difference in CDO1 gene expression between primary WDLS (*n* = 13) in the extremities and primary WDLS (*n* = 8) in the retroperitoneum (data not shown). The number of recurrent WDLS from the extremities was too small (*n* = 3) to be analyzed for statistically significant differences than the recurrent WDLS (*n* = 8) from the retroperitoneum.

CDO1 gene expression showed wide variation within the WDLS tumors. To probe a potential source of this variation, the mRNA level of CDO1 was compared in primary and recurrent WDLS tumors. In general, recurrent WDLS had lower CDO1 mRNA levels than primary WDLS. However, the difference in CDO1 gene expression between primary WDLS (*n* = 21, median = 0.32, range = 0.03--1.23) and recurrent WDLS (*n* = 11, median = 0.23, range = 0.03--0.35) was not significant ([Fig. 2A](#f2-bic-6-2014-001){ref-type="fig"}). For the DDLS subtype, there also was no significant difference in the gene expression of CDO1 between 8 cases of primary DDLS (median = 0.08, range = 0.01--0.60) and 12 cases of recurrent DDLS (median = 0.03, range = 0.01--0.31) ([Fig. 2B](#f2-bic-6-2014-001){ref-type="fig"}). Our cohort contained only two recurrent PLS; therefore, we did not analyze this histologic subtype.

We hypothesized that the lack of significance \[because we note that the difference in expression was trending towards significance (*P* = 0.09)\] observed between primary and recurrent WDLSs might be because of the limited sample size evaluated here. Alternatively, the primary WDLS with low CDO1 gene expression may be those with increased likelihood of recurring locally or transitioning to DDLS. To increase the number of samples analyzed, we turned to TMAs containing well-annotated clinical samples of liposarcoma.

CDO1 protein levels are consistent with mRNA levels
---------------------------------------------------

Before staining TMAs, we first needed to determine if CDO1 protein levels could be reliably assessed by IHC and, if so, whether protein levels correlate with previously determined transcript levels. A total of 26 samples for which CDO1 transcript levels had already been determined were available for IHC (14 WDLS, 8 DDLS, and 4 PLS) ([Fig. 3A](#f3-bic-6-2014-001){ref-type="fig"}). CDO1 was localized at the cell membrane as well as in the cytoplasm of tumor cells. Assessment of CDO1 immunoreactivity was initially achieved by subjective evaluation of the signal intensity in the CDO1 antibody-stained slides. This assay remains the most widely accepted method of protein analysis in human tissues, and is still a semi-quantitative analysis and is subject to inter-observer differences. To achieve a more objective quantitation, we used NIS Elements software (Nikon) to measure background-corrected CDO1 staining intensity. Values of 10 or less were considered weak, staining intensity of 11--20 represented moderate expression, and a value of more than 20 indicated strong expression. Using these criteria, 8 (57%) of the 14 WDLS cases exhibited moderate to strong expression. For PLS, three (75%) of the four tumors had moderate to strong expression of CDO1. Conversely, six (75%) of the eight cases of DDLS expressed the CDO1 protein weakly, while the remaining two cases exhibited moderate expression of CDO1 ([Table 2](#t2-bic-6-2014-001){ref-type="table"}). To determine if a correlation existed between protein level and the CDO1 gene transcript level by qRT-PCR, the data obtained by IHC and qRT-PCR were plotted ([Fig. 3B](#f3-bic-6-2014-001){ref-type="fig"}). This demonstrated a good correlation between the protein and transcript-level data, with a calculated Pearson correlation coefficient of 0.81 (*P* \< 0.001).

CDO1 protein levels were quantified in a larger cohort of tumors on TMAs using the approach described above. Only samples for which duplicate specimens were available were included for analysis. The calculated Pearson correlation coefficient between 329 duplicate specimens analyzed was 0.88, indicating the results were highly reproducible. Upon decoding of the TMAs, 221 WDLS and 108 DDLS were informative for CDO1 protein levels. CDO1 protein expression levels were significantly higher in WDLS (median = 19.1, range = 0--88) than in DDLS (median = 12.5, range = 0.6--53) (*P* \< 0.001), confirming the results obtained with the smaller cohort of tumors.

The samples were stratified to compare CDO1 protein levels in tissue cores representing the well-differentiated component of a DDLS (*n* = 26) to that in WDLS (*n* = 136). CDO1 protein levels were significantly higher in the well-differentiated component of a DDLS than in the dedifferentiated component of DDLS (*n* = 107) (*P* = 0.014) ([Fig. 3C](#f3-bic-6-2014-001){ref-type="fig"}). However, CDO1 expression was not significantly different among these two groups ([Fig. 3C](#f3-bic-6-2014-001){ref-type="fig"}). This suggests that the well-differentiated component of a DDLS retains characteristics consistent with those of a WDLS. CDO1 protein levels neither predicted recurrence of WDLS or DDLS nor was correlated with time to recurrence for either histologic type.

Expression of CDO1 increases during adipogenic differentiation of hMSCs
-----------------------------------------------------------------------

The expression level of CDO1 appeared to be related to the lipogenic cell content of the tumor. Thus, DDLS lacks lipogenic cells and has the lowest CDO1 protein levels, whereas WDLS is largely composed of lipogenic cells and has the highest CDO1 protein levels. This suggested that CDO1 might be a marker of adipocytic differentiation.

The expression of CDO1 was determined during in vitro induced differentiation of hMSCs into mature HAd. The differentiation of hMSCs was examined by measuring the TG content following each induction cycle. As expected, TG content increased as hMSCs differentiated into mature adipocytes ([Fig. 4A](#f4-bic-6-2014-001){ref-type="fig"}). By the fourth cycle, TG content indicated successful differentiation of the hMSCs. We then determined expression of CDO1 mRNA in the undifferentiated and in the induced cells by qRT-PCR analysis relative to mature HAd ([Fig. 4B](#f4-bic-6-2014-001){ref-type="fig"}). CDO1 mRNA was not detected in the undifferentiated hMSCs. Expression of CDO1 increased marginally following the first 3 induction cycles, consistent with earlier results obtained using the ADSCs and HPAd cell lines ([Supplementary Fig. 1B](#s1-bic-6-2014-001){ref-type="supplementary-material"}). However, following the fourth induction cycle, CDO1 mRNA was greatly increased. Similarly, as demonstrated by immunofluorescence, CDO1 protein was absent in undifferentiated hMSCs and early cycles of induction, with weak expression following the third cycle and prominent expression in the last stage of differentiation following the fourth cycle ([Fig. 4C](#f4-bic-6-2014-001){ref-type="fig"}). These data are consistent with CDO1 expression being upregulated during late stages of adipose differentiation.

Hypermethylation of CDO1 promoter was not observed in complex karyotype liposarcomas
------------------------------------------------------------------------------------

It is well established that epigenetic changes regulate gene expression. Indeed, CDO1 was identified as a potential target following an epigenetic reactivation screen. Therefore, we examined the methylation status of the CDO1 promoter by quantitative methylation-specific PCR. In this technique, DNA is modified by bisulfite treatment which causes conversion of unmethylated cytosines to thymidines, whereas methylated cytosines are not converted. The primers, designed to flank a promoter region with multiple CpG dinucleotides within a \<150 bp segment, and the TaqMan probe for the gene of interest are designed to be complimentary to unconverted DNA and thus only methylated samples will result in an amplification product. The region of the CDO1 promoter interrogated was previously shown to be hypermethylated in various cancers.[@b24-bic-6-2014-001],[@b29-bic-6-2014-001] In all, 39 liposarcoma specimens (14 WDLSs, 15 DDLSs, and 10 PLSs) were tested. None of the specimens showed methylation in this region ([Supplementary Fig. 2](#s1-bic-6-2014-001){ref-type="supplementary-material"} and data not shown). Similarly, there was no change in the methylation status of the CDO1 promoter region before or after adipogenic induction of hMSCs (data not shown).

Discussion
==========

In this study, data from microarray, qRT-PCR, and IHC revealed differences in CDO1 expression in a cohort of liposarcoma specimens. There was a strong correlation among results from all assays used to assess CDO1 levels. We found CDO1 expression was higher in WDLS than in DDLS. This difference in CDO1 expression was retained in the well-differentiated component of DDLS. However, CDO1 expression or protein levels were not associated with clinicopathological features assessed including time to recurrence or histology upon recurrence. Results from in vitro differentiation of hMSCs suggest that CDO1 is a marker of adipogenic differentiation.

WDLS is a locally aggressive tumor that does not have the potential to metastasize. Hence, it has a favorable prognosis compared to other liposarcoma subtypes. However, some WDLS transitions into DDLS.[@b30-bic-6-2014-001] Evidence suggests that this phenomenon results from the accumulation of genetic aberrations that ultimately affect tumor behavior and prognosis.[@b31-bic-6-2014-001],[@b32-bic-6-2014-001] The primary phenotypic alteration is a transition from entirely lipogenic components in WDLS to the presence of non-lipogenic components in DDLS. Our data demonstrate that abundant CDO1 is a feature observed in WDLS tumors while low levels are found in the DDLS tumors. We hypothesize that adipogenic cells retain the ability to synthesize CDO1, whereas the non-lipogenic cells lack that ability.

PLSs are diagnosed histologically based on the presence of lipoblasts, progenitor cells for the adipogenic lineage. However, there is a wide variation in the number of lipoblasts among PLS tumors. In our cohort of PLS assessed by qRT-PCR, we observed a biphasic distribution of CDO1 mRNA levels in which some tumors had low CDO1 mRNA levels similar to that observed in WDLS whereas other tumors had high levels of CDO1 mRNA levels similar to that observed in DDLS. Because our data suggest that CDO1 is a marker of adipogenic differentiation, it is possible that CDO1 expression in PLS reflects the number of lipoblasts present in the tumor. Thus, in those tumors with few lipoblasts, CDO1 expression would be high, whereas in those tumors with greater numbers of lipoblasts CDO1 expression would be low. This biphasic distribution of CDO1 expression would confound the ability to define a distinction between PLS and other complex karyotype liposarcomas.

To our knowledge, there is no previous work that characterizes CDO1 expression during adipogenesis. The results presented here suggest that CDO1 is a marker of differentiation in the adipogenic lineage. Consistent with this, the highest level of CDO1 expression was observed in mature HAd, while the expression was much lower in less-differentiated cells in the lineage. Developmentally, HAd arise from mesenchymal stem cells that commit to the adipogenic lineage through orchestrated expression of functional genes and transcription factors. Our results showed that CDO1 is not detected during the determination phase from hMSCs to preadipocytes, while its level is upregulated following terminal differentiation of preadipocytes to mature adipocytes.

The role of CDO1 expression in liposarcomagenesis is unclear. CDO1 has been reported to be downregulated in recurrent Wilms' tumor and cholangiocarcinoma.[@b29-bic-6-2014-001],[@b33-bic-6-2014-001] CDO1, among other genes, is also downregulated upon transition of mammary intraepithelial neoplasia into invasive ductal tumor.[@b34-bic-6-2014-001] In a study by Brait et al,[@b24-bic-6-2014-001] colon cancer cells exhibited silenced CDO1 expression because of hypermethylation of the gene promoter. That study also revealed that CDO1 acts as a tumor suppressor, in that colon cancer cells that do not express CDO1 have higher proliferative activities in vitro and in mouse xenograft models. Although identified in an epigenetic reactivation screen, no evidence of promoter hypermethylation was detected in any tumor tested or during adipogenic differentiation of hMSCs. Unlike most cancers studied, our results showed that differences in CDO1 expression in liposarcoma specimens were unrelated to hypermethylation of the promoter. CDO1 might be regulated via methylation in a region of the promoter other than the one tested here or indirectly via methylation changes at another site in the genome.

Surgical resection is the main modality for treatment of WDLS and is influenced by the anatomical site of the tumor. Wide excision margins are usually achievable when the WDLS arises in the extremities, while complete resection of WDLS from the retroperitoneum is often challenging because of anatomical constraints. In this case, WDLS is more likely to recur or to transition into DDLS, both of which can adversely affect prognosis and survival. Anthracycline, with or without ifosfamide, is an alternative line of treatment for unresectable WDLS/DDLS. However, the response rate to anthracycline was found to be as low as 11% in advanced WDLS/DDLS.[@b35-bic-6-2014-001],[@b36-bic-6-2014-001] In a recent study by Jeschke et al,[@b37-bic-6-2014-001] breast cancer cells that do not express CDO1, because of hypermethylation of the CDO1 promoter, have resistance to anthracycline. However, the same study showed that introduction of full length CDO1 into those cancer cells resulted in improved sensitivity to anthracycline via a decreased capacity to detoxify reactive oxygen species. Thus, rescuing CDO1 expression may also lead to increased sensitivity of liposarcomas to chemotherapy.

Supplementary Data
==================

###### 

**Supplementary table 1.** Sequences of primers used in quantitative methylation-specific PCR of CDO1.

**Supplementary figure 1.** Expression of CDO1 in complex karyotype liposarcomas and cell lines. (**A**) CDO1 transcript level, measured by gene expression microarray, in 30 cases of complex karyotype liposarcomas. Each triangular symbol represents a single specimen. (**B**) CDO1 mRNA level in ADSCs, HPAd, and HAd analyzed by qRT-PCR (empty column) and microarray (filled column). (**C**) Relative CDO1 mRNA expression in a combined set of 64 complex karyotype liposarcomas.

**Supplementary figure 2.** CDO1 promoter does not exhibit hypermethylation in complex karyotype liposarcomas and cell lines. Promoter hypermethylation was assessed using quantitative methylation-specific PCR as described in the Methods. (**A**) Amplification of a region of the β-actin promoter using methylated and unmethylated standard DNA as templates. (**B**) Amplification of a region of the CDO1 promoter using methylated and unmethylated standard DNA as templates. (**C**) Amplification of β-actin promoter and CDO1 promoter in a tumor. Amplification of β-actin indicates integrity of template DNA, whereas lack of amplification of CDO1 indicates absence of promoter hypermethylation.
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![Expression level of CDO1 in complex karyotype liposarcomas. (**A**) CDO1 transcript level, measured by gene expression microarray, in 30 cases of complex karyotype liposarcomas. The boxes encompass the 25th and 75th percentile (interquartile range, IQR), with the median value shown as a horizontal line within the box. Whiskers represent the minimum and the maximum CDO1 expression values in each group. The empty circle represents a suspected outlier, 1.5 × IQR above the third quartile. In WDLS, CDO1 was significantly higher than in the DDLS (\*\**P* \< 0.001) and the PLS (\**P* \< 0.05). There was no significant difference in the expression of CDO1 between DDLS and PLS. (**B**) Correlation between CDO1 expression analyzed by microarray and by qRT-PCR. The data obtained by qRT-PCR analysis (*y*-axis) strongly correlated with those obtained by microarray (*x*-axis) from 12 liposarcomas and 3 cell lines (*R* = 0.97, *P* \< 0.001). Insert is expansion of the data points within the range of 0--1000 MAS 5.0 expression (*R* = 0.93). (**C**) Relative CDO1 mRNA expression assessed in 64 complex karyotype liposarcomas. Box plots are as described in (A). The filled circle represents an outlier (more than 3 × IQR). The expression level of CDO1 was significantly higher in WDLS compared to that of DDLS (\**P* \< 0.001). No significant difference in CDO1 level was observed between WDLS and PLS or between DDLS and PLS.](bic-6-2014-001f1){#f1-bic-6-2014-001}

![Expression level of CDO1 in primary and recurrent liposarcomas. (**A**) Expression of CDO1 mRNA in 21 primary and 11 recurrent WDLS specimens. Description of the box plots is found in [Figure 1](#f1-bic-6-2014-001){ref-type="fig"}. There was no significant difference in CDO1 expression between the two groups. (**B**) The transcript level of CDO1 in 8 primary and 12 recurrent DDLS specimens. There was no significant difference in the expression of CDO1 mRNA between primary DDLS and recurrent DDLS.](bic-6-2014-001f2){#f2-bic-6-2014-001}

![Immunohistochemical analysis for CDO1 protein in complex karyotype liposarcomas. (**A**) Representative histology and IHC in complex karyotype liposarcomas. H&E-stained sections are shown in the left column, IHCs for CDO1 are in the middle column, and negative controls (omission of primary antibody) are in the right column. Top row---case 8 is a primary WDLS with moderate expression of CDO1. Second row---case 11 is a recurrent WDLS with weak expression of CDO1. Third row---case 17 is a primary DDLS with weak expression of CDO1. Last row---case 25 is a primary PLS with strong expression of CDO1 (scale bar = 100 μm). (**B**) Correlation between CDO1 expression level measured by qRT-PCR (*y*-axis) and IHC (*x*-axis). The calculated Pearson correlation coefficient was 0.81 (*P* \< 0.001). (**C**) Protein levels of CDO1 in WDLS (*n* = 136), in the well-differentiated component of DDLS (*n* = 26), and in the dedifferentiated component of DDLS (*n* = 108). Description of the box plots is found in [Figure 1](#f1-bic-6-2014-001){ref-type="fig"}. CDO1 protein levels were significantly higher in WDLS and the well-differentiated component of DDLS compared to the dedifferentiated component of DDLS (\**P* \< 0.001 and \*\**P* = 0.014, respectively).](bic-6-2014-001f3){#f3-bic-6-2014-001}

![CDO1 expression during adipogenic differentiation of hMSCs. (**A**) TG content increases during in vitro differentiation of hMSCs relative to LS2, a PLS cell line. (**B**) Quantitative RT-PCR analysis of CDO1 transcript level during adipogenic differentiation of hMSCs. CDO1 expression remains low until terminal differentiation. Values are relative to CDO1 expression in mature adipocytes. (**C**) Indirect immunofluorescence for CDO1 (shown in red). Nuclei were counterstained with DAPI (blue). CDO1 protein was increased at the later stages of induction, particularly following the fourth induction cycle (scale bar = 100 μm).](bic-6-2014-001f4){#f4-bic-6-2014-001}

###### 

Characteristics of liposarcoma specimens.

                                    WDLS[\*](#tfn1-bic-6-2014-001){ref-type="table-fn"} N = 32   DDLS[†](#tfn2-bic-6-2014-001){ref-type="table-fn"} N = 20   PLS[‡](#tfn3-bic-6-2014-001){ref-type="table-fn"} N = 12   TOTAL N = 64
  ------------------- ------------- ------------------------------------------------------------ ----------------------------------------------------------- ---------------------------------------------------------- --------------
  Patient Gender      Male          16 (50%)                                                     9 (45%)                                                     9 (75%)                                                    34 (53%)
  Female              16 (50%)      11 (55 %)                                                    3 (25%)                                                     30 (47%)                                                   
  Site of the tumor   Extremities   16 (50%)                                                     0 (0%)                                                      9 (75%)                                                    25 (39%)
  Retroperitoneum     16 (50%)      20 (100%)                                                    3 (25%)                                                     39 (61%)                                                   
  Presentation        Primary       21 (66%)                                                     8 (40%)                                                     10 (83%)                                                   39 (61%)
  Recurrence          11 (34%)      12 (60%)                                                     2 (17%)                                                     25 (39%)                                                   
  Age (years old)     Range         32 to 87                                                     44 to 84                                                    33 to 86                                                   
  Median              66            71                                                           69                                                                                                                     

**Abbreviations:**

WDLS, well-differentiated liposarcoma

DDLS, dedifferentiated liposarcoma

PLS, pleomorphic liposarcoma.

###### 

Liposarcoma characteristics and CDO1 expression at the mRNA and protein levels.

  CASE   DIAGNOSIS[\*](#tfn4-bic-6-2014-001){ref-type="table-fn"}   PRESENTATION   qRT-PCR[†](#tfn5-bic-6-2014-001){ref-type="table-fn"}   IHC[‡](#tfn6-bic-6-2014-001){ref-type="table-fn"}
  ------ ---------------------------------------------------------- -------------- ------------------------------------------------------- ---------------------------------------------------
  1      WDLS                                                       Primary        0.06                                                    8.3
  2      WDLS                                                       Primary        0.10                                                    12.5
  3      WDLS                                                       Primary        0.13                                                    7.4
  4      WDLS                                                       Primary        0.23                                                    13.2
  5      WDLS                                                       Primary        0.32                                                    9.5
  6      WDLS                                                       Primary        0.41                                                    23.2
  7      WDLS                                                       Primary        0.45                                                    26.4
  8      WDLS                                                       Primary        0.64                                                    24.8
  9      WDLS                                                       Primary        0.67                                                    13.1
  10     WDLS                                                       Recurrence     0.05                                                    1.1
  11     WDLS                                                       Recurrence     0.10                                                    4.8
  12     WDLS                                                       Recurrence     0.30                                                    6.0
  13     WDLS                                                       Recurrence     0.33                                                    16.5
  14     WDLS                                                       Recurrence     0.35                                                    22.3
  15     DDLS                                                       Primary        0.01                                                    2.9
  16     DDLS                                                       Primary        0.05                                                    0.8
  17     DDLS                                                       Primary        0.07                                                    4.0
  18     DDLS                                                       Primary        0.08                                                    6.3
  19     DDLS                                                       Primary        0.27                                                    9.4
  20     DDLS                                                       Primary        0.60                                                    17.9
  21     DDLS                                                       Recurrence     0.07                                                    4.3
  22     DDLS                                                       Recurrence     0.11                                                    11.5
  23     PLS                                                        Primary        0.03                                                    8.3
  24     PLS                                                        Primary        0.60                                                    35.9
  25     PLS                                                        Primary        0.97                                                    29.3
  26     PLS                                                        Recurrence     0.41                                                    13.7

**Abbreviations:**

WDLS, well-differentiated liposarcoma; DDLS, dedifferentiated liposarcoma; PLS, pleomorphic liposarcoma

qRT-PCR, quantitative real time-PCR. Values are fold-expression in tumors relative to CDO1 expression in HAd

IHC, immunohistochemistry. Values are intensity of staining in arbitrary units quantified as described in Methods.
